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SUMMARY (now 240 words) 
Isoprenoids are synthesized from the precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphosphate (DMAPP), which are interconverted by the enzyme isopentenyl diphosphate isomerase (IPPI). Many plants express multiple isoforms of IPPI, the only enzyme shared by the mevalonate (MVA) and non-mevalonate (MEP) pathways, but little is known about their specific roles. In rice (Oryza sativa), which has two IPPI paralogs (OsIPPI1 and OsIPPI2), we therefore carried out a comprehensive comparison of IPPI gene expression and protein localization. We found that OsIPPI1 mRNA was more abundant than OsIPPI2 mRNA in all rice tissues, and its expression in de-etiolated leaves mirrored the accumulation of phytosterols, suggesting a key role in the synthesis of MVA pathway isoprenoids. We investigated the subcellular localization of both isoforms by constitutively expressing them as fusions with synthetic green fluorescent protein and detecting them by confocal fluorescence microscopy and immuno-electron microscopy. Both proteins localized to the endoplasmic reticulum (ER) as well as peroxisomes and mitochondria, whereas only OsIPPI2 was detected in plastids, reflecting the presence of an N-terminal transit peptide which is not present in OsIPPI1. Despite the plastidial location of OsIPPI2, the expression of OsIPPI2 mRNA did not mirror the accumulation of chlorophylls or carotenoids, indicating that OsIPPI2 is a dispensable component of the MEP pathway. The detection of both isoforms in the ER indicates that DMAPP can be synthesized de novo in this compartment, providing insight into the role of the ER in synthesis of MVA-derived isoprenoids.





SIGNIFICANCE STATEMENT (now 72 words) 





Isoprenoids are the largest known family of natural organic compounds and their diverse structures confer a range of biological activities that make them useful for the development of medicines, agricultural products and industrial raw materials (Capell and Christou, 2004; Zhu et al., 2013; Nogueira et al., 2018). In plants, isoprenoids can function as primary or secondary metabolites, and they participate in a wide range of physiological processes where they act synergistically, such as chlorophylls and carotenoids during photosynthesis, or antagonistically, such as gibberellic acid and abscisic acid during seed germination (Vranova et al., 2012). All isoprenoids are derived from the C5 building blocks isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP), which are interconverted by the enzyme isopentenyl diphosphate isomerase (IPPI). Two distinct forms of the enzyme are found in nature. Type I IPPIs are Zn-containing metalloenzymes whereas type II IPPIs require flavin mononucleotide (FMN) and a reducing agent (NADPH) for activity (Thibodeaux and Liu, 2017). 
IPP can be synthesized via two independent pathways: the mevalonate (MVA) pathway and the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, also known as the non-mevalonate pathway (Vranova et al., 2013). Archaea, many eukaryotes and some bacteria exclusively use the MVA pathway whereas most bacteria exclusively use the MEP pathway. Some bacteria and apicomplexan protozoa, as well as all higher plants, have the ability to use both pathways (Vranova et al., 2013). Some isoprenoids in plants are derived solely from the MVA pathway, including phytosterols, sesquiterpenes, triterpenes and the side-chain of ubiquinone, whereas monoterpenes, diterpenes, carotenoids and the side chains of chlorophylls and tocopherols are all derived from the MEP pathway (Vranova et al., 2013; Zhu et al., 2013; Nogueira et al., 2018). The MEP pathway in plants is compartmentalized in the plastids whereas the MVA pathway operates in the rest of the cytoplasm, thus allowing the optimization of isoprenoid biosynthesis and regulation according to the availability of fixed carbon and ATP (Vranova et al., 2013). 
The synthesis of isoprenoids in plants begins with the head-to-tail condensation of DMAPP and one or more IPP molecules. DMAPP is primarily used as a chemically active substrate and is extended by adding IPP units to form short-chain prenyl diphosphates such as geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and geranylgeranyl diphosphate (GGPP). In the cytoplasm, DMAPP is produced from IPP by IPPI, without which the MVA pathway is blocked. In the plastids however, 4‑hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) is converted into a mixture of IPP and DMAPP by HMBPP reductase (HDR), the last enzyme in the MEP pathway, therefore IPPI is nonessential (Vranova et al., 2013). IPPI is the only enzyme that features in both the MVA and MEP pathways and in this context it can be used to regulate the levels of IPP and DMAPP in multiple subcellular compartments (Okada et al., 2008; Pankratov et al., 2016). 
	Many plants produce different isoforms of IPPI, and two cDNAs encoding IPPIs have been isolated from Arabidopsis (Arabidopsis thaliana), lettuce (Lactuca sativa), tobacco (Nicotiana tabacum), tomato (Solanum lycopersicum) and the ornamental plant Adonis aestivalis (Cunningham and Gantt, 2000; Nakamura et al., 2001; Pankratov et al., 2016). In tobacco, one isoform features a transit peptide sequence (TPS) and is localized in the plastids, whereas the other lacks this sequence and remains in the cytosol (Nakamura et al., 2001). In castor bean (Ricinus communis), there is biochemical evidence for the existence of mitochondrial and plastid IPPIs (Green et al., 1975). Different isoforms of IPPI in Arabidopsis (Phillips et al., 2008; Sapir-Mir et al., 2008) and Catharanthus roseus (Guirimand et al., 2012) are targeted to different subcellular compartments, and this has been attributed to the expression of each IPPI gene as alternative transcripts. 
	Although only a single rice (Oryza sativa) IPPI cDNA has been reported (Cunningham and Gantt, 2000), the genome contains two genes named IPPI1 (Os07g36190) and IPPI2 (Os05g34180) (Jung et al., 2008). Little is known about the expression, subcellular localization and function of the corresponding enzymes in the MVA and MEP pathways. Given the importance of the C5 building blocks IPP and DMAPP for isoprenoid biosynthesis in rice, we therefore carried out a comprehensive analysis of gene expression and protein subcellular localization for both enzymes. We also investigated the effect of each gene on the biosynthesis of chlorophylls, carotenoids, and phytosterols, and investigated the expression of OsIPPI1 and OsIPPI2 in 14-day-old etiolated leaves during de-etiolation, which is characterized by a burst of isoprenoid biosynthesis.

RESULTS
Cloning and characterization of the OsIPPI1 and OsIPPI2 cDNAs         
The OsIPPI1 and OsIPPI2 cDNA sequences were cloned from leaf mRNA by RT-PCR using primers flanking the open reading frame (ORF), thus excluding any untranslated regions (UTRs). The OsIPPI1 cDNA was 717 bp in length encoding a predicted protein of 238 amino acids and an estimated mass of 27.34 kDa. The OsIPPI2 cDNA was 882 bp in length encoding a predicted protein of 293 amino acids with an estimated mass of 32.59 kDa. The sequences showed 81.0% identity in the overlap region, but OsIPPI2 included a 56-amino-acid N-terminal extension resembling a plastid-targeting TPS that was not present in OsIPPI1 (Figure S1). A multiple sequence alignment revealed at least 69.3% identity and 95.8% similarity (excluding TPS) among all known functional plant IPPIs (Figure S1). The deduced amino acid sequences of OsIPPI1 and OsIPPI2 featured conserved cysteine and glutamate residues at positions 139 and 207, respectively (Figure S1), which correspond to essential active site residues identified in the yeast IPPI (Street et al., 1994).
	The OsIPPI1 cDNA sequence was used to screen rice genomic resources, revealing a single genomic sequence from chromosome 7 of the Japonica Group with 100% identity, suggesting that OsIPPI1 is a single-copy gene. We found that the OsIPPI1 gene has five introns and six exons, the same as OsIPPI2 (Figure S2). In both cases, exons 2–6 are similar in size whereas the translated portion of exon 1 is longer in OsIPPI2 (242 bp) than OsIPPI1 (74 bp) to account for the additional TPS. Both genes have similar amounts of intron sequence (OsIPPI1 = 2055 bp; OsIPPI2 = 2098 bp), but introns 1 and 5 are longer in OsIPPI1 whereas introns 2–4 are longer in OsIPPI2 (Figure S2).

OsIPPI2 encodes a functional enzyme
Genetic color complementation assays in Escherichia coli are often used to determine the functionality of IPPI enzyme because the plasmid pACCAR16∆crtX allows the cells to produce β-carotene (Kajiwara et al., 1997). We therefore introduced pACCAR16∆crtX into the E. coli DH5α strain along with either pUC8-OsIPPI1 or pUC8-OsIPPI2, containing the rice IPPI cDNAs under the control of an inducible promoter, or the pUC8 empty vector as a control. Cells carrying pACCAR16∆crtX and pUC8 were able to grow on medium containing ampicillin and chloramphenicol (corresponding to the selectable markers on each plasmid) and produced pale yellow colonies representing the accumulation of β-carotene when induced with isopropyl β-d-1-thiogalactopyranoside (IPTG) (Figure S3). Cells co‑transformed with pACCAR16∆crtX and pUC8-OsIPPI1 formed colonies with a deeper yellow color, reflecting the additional flux provided by OsIPPI1 (Figure S3) and similar results were observed when cells were co-transformed with pACCAR16∆crtX and pUC8-OsIPPI2. Pigments were extracted from liquid cultures and the carotenoid levels were quantified. This revealed that co‑transformation with pACCAR16∆crtX and the pUC8 empty vector resulted in a β‑carotene yield of 340.31 ± 39.71 μg g-1 DW. The addition of pUC8-OsIPPI1 resulted in a 3.2-fold increase to 1089.32 ± 117.46 μg g-1 DW, whereas the addition of pUC8‑OsIPPI2 resulted in a 2.8-fold increase to 950.74± 90.83 μg g-1 DW (Figure S4). These data strongly indicate that OsIPPI2 encodes a functional enzyme, as previously established for E. coli IPPI (Kajiwara et al., 1997) and OsIPPI1 (Cunningham and Gantt, 2000). 

OsIPPI1 mRNA is more abundant than OsIPPI2 mRNA in all rice tissues
Having established that both OsIPPI1 and OsIPPI2 encode functional enzymes, we next determined their expression levels in different rice tissues by quantitative RT-PCR (qRT-PCR), revealing that OsIPPI1 mRNA was much more abundant than OsIPPI2 mRNA in all tissues (Figure 1). OsIPPI1 mRNA was most abundant in the leaf 7 days after germination (and was more than 20-fold more abundant than OsIPPI2 mRNA in this tissue) whereas OsIPPI2 mRNA was most abundant in the stem at the same time point. The level of OsIPPI1 mRNA declined sharply between 7 and 14 days after germination in the root, stem and leaves whereas the level of OsIPPI2 mRNA declined marginally in the root and stem and increased slightly in the leaves over the same duration. Both OsIPPI1 and OsIPPI2 were expressed at the lowest levels in the endosperm and embryo, also showed extremely low expression levels in callus tissue (Figure 1).

OsIPPI1/2 and OsHDR1/2 show distinct and dynamic expression profiles in 14-day etiolated leaves during de-etiolation with corresponding metabolic changes
The de-etiolation of etiolated leaves involves a burst of carotenoid, chlorophyll and phytosterol biosynthesis which requires the activity of IPPI and/or HDR for IPP and DMAPP synthesis. We therefore investigated the expression levels of OsIPPI1/2 and OsHDR1/2 by qRT-PCR during the de-etiolation of 14-day old etiolated rice leaves at 10 time points after the onset of illumination (Figure 2a). As a baseline, we found that OsIPPI1 mRNA was 6.9-fold more abundant than OsIPPI2 mRNA in the dark control (time zero in Figure 2b). Following the onset of illumination, both genes were moderately induced after 1 h. Thereafter, the level of OsIPPI2 mRNA remained stable until 12 h after the onset of illumination, whereas the level of OsIPPI1 mRNA peaked at approximately 3-fold higher than the baseline after 4 h before declining thereafter until 12 h after the onset of illumination. Between 12 and 24 h, the expression of OsIPPI1 increased again to more than double the baseline whereas the expression of OsIPPI2 showed a 3-fold decline over the same period. After 24 h of continuous illumination, the expression of OsIPPI1 was almost 50-fold higher than that of OsIPPI2 (Figure 2a). The last enzyme in the plastidial MEP pathway, 3-methylbut-2-enyl diphosphate (HMBPP) reductase (HDR) is able to converts HMBPP into a mixture of IPP and DMAPP (Vranova et al., 2013), we therefore carried out analyses of OsHDR1 (Os03g52170, Jung et al., 2008) and OsHDR2 (Os03g52180, Jung et al., 2008) expression during the de-etiolation of 14-day old etiolated rice leaves at 10 time points after the onset of illumination (Figure 2a). Likewise, OsHDR1 expression level induced after 1 h illumination. With the continuous illumination, the drastic rise in mRNA level of OsHDR1 showed after 4 h of illumination, which was 3.4-fold higher than the baseline. Then the mRNA of OsHDR1 kept decline till 12 h, the mRNA level of OsHDR1 dropped to the same level as 2 h illumination. Between 12 and 24 h, the expression of OsHDR1 increased rapidly again to 5.8-fold higher than baseline. Nevertheless, OsHDR2 was barely detected in rice leaves during the de-etiolation. 
	Corresponding metabolic changes during de-etiolation were analyzed by UPLC and GC-MS at time point zero as well as after illumination 6, 12 and 24 h of continuous illumination. Chlorophyll a was only detected in the leaf samples after exposure to white light, but an extremely low amount of chlorophyll b was detected in the leaves of dark control (0.75 ± 0.10 μg g-1 DW). After 6–24 h of continuous illumination, the levels of both chlorophyll a and chlorophyll b increased rapidly, reaching 326.67 ± 91.81 and 112.37 ± 22.06 μg g-1 DW, respectively (Figure 2c). The quantity of carotenoids also increased in response to illumination, with approximately 2-fold increases in abundance observed for β-carotene, lutein and violaxanthin after 24 h of illumination compared to the dark control (Figure 2d). The levels of phytosterols (β-sitosterol, campesterol and stigmasterol) in leaves increased by approximately 1.5-fold during the first 6 h of illumination, remained steady until 12 h and then declined to levels just above the dark control after 24 h (Figure 2b). 

Targeting of IPPI fusion proteins in transgenic rice leaves
To investigate the subcellular localization of OsIPPI1 and OsIPPI2, we constructed chimeric genes in which the IPPI coding regions were fused to the N-terminus of a synthetic green fluorescent protein (sGFP), to facilitate tracking by confocal microscopy (Figure S5a). Both fusion constructs were driven by the constitutive Cauliflower mosaic virus (CaMV) 35S promoter. We recovered 15 independent transgenic lines expressing OsIPPI1-sGFP and 18 expressing OsIPPI2-sGFP. We detected green fluorescence in the leaves of 11 OsIPPI1-sGFP lines and 18 OsIPPI2-sGFP lines. Three independent lines representing each event were then self-pollinated over two generations to yield T3 homozygous lines for extensive analysis by confocal fluorescence microscopy and immuno-electron microscopy: the IPPI1 lines OsIPPI1-sGFP-1, OsIPPI1-sGFP-10 and OsIPPI1-sGFP-12, and the IPPI2 lines OsIPPI2-sGFP-4, OsIPPI2-sGFP-6 and OsIPPI2-sGFP-16.
	Preliminary analysis of T3 leaf extracts from these six line by SDS-PAGE and western blotting using an anti-GFP antibody revealed protein bands with apparent molecular masses of ~59 kDa (Figure S5b).  The anticipated molecular mass of the OsIPPI1-sGFP fusion protein was ~58 kDa and that of the OsIPPI2-sGFP fusion protein was ~72 kDa due to the presence of the N-terminal plastid-targeting TPS, indicating that this signal peptide was cleaved off in the transgenic plants.
	The OsIPPI1 and OsIPPI2 were analyzed using various online resources to predict protein localization (Table 1) revealing that both isoforms contained transit peptide signals for the endoplasmic reticulum (ER), mitochondria and peroxisomes, but only OsIPPI2 featured the TPS required for import into plastids (Figure S1). Confocal microscopy revealed the absence of fluorescence in the leaves of wild-type plants (Figure 3a) but fluorescent signals representing OsIPPI1-sGFP and OsIPPI2-sGFP, respectively, in the corresponding transgenic plants (Figure 3b, c). Some of the green signals representing the OsIPPI1-sGFP and OsIPPI2-sGFP fusion proteins were co-localized with the red fluorescent signal of Mitotracker red, confirming the presence of both proteins in mitochondria. However, the green OsIPPI2-sGFP signals also co‑localized with the autofluorescence of chlorophyll in the plastids. 
More detailed analysis by immuno-electron microscopy showed that both fusion proteins were mainly localized in the mitochondria (Figure 4) and peroxisomes (Figure 5), but the signal was also detected in the ER (Figure 6). In the lines expressing OsIPPI2-sGFP, the fusion protein was also detected in the plastids (Figure 7). The gold particles were not detected in other cellular structures, or in the leaf cells of wild-type plants. Taken together, our results indicate that OsIPPI1 and OsIPPI2 are both localized in the mitochondria, peroxisomes and ER of rice leaves, but only OsIPPI2 is imported into the chloroplasts.

DISCUSSION
There are two genes encoding the enzyme IPPI in rice (Jung et al., 2008) but only OsIPPI1 has been functionally verified by genetic complementation (Cunningham and Gantt, 2010). The role of OsIPPI2 has not been investigated thus far and its precise function in the MVA and/or MEP pathways is unclear. Many plant genomes contain two IPPI paralogs with different expression profiles encoding proteins with different subcellular locations, as previously reported in tobacco, Arabidopsis and tomato (Nakamura et al., 2001; Phillips et al., 2008; Pankratov et al., 2016). In tobacco, the NtIPPI1 mRNA encodes the plastid-localized isoform and is approximately 3-fold more abundant in leaves than the NtIPPI2 mRNA encoding the cytosolic isoform, at least under normal growth conditions (Nakamura et al., 2001). The opposing profile is observed in Arabidopsis, where the AtIPPI2 mRNA encoding the cytosolic isoform is 10-fold more abundant in leaves, 22-fold in roots, 4.9-fold in flowers, and 4.6-fold in stems compared to the AtIPPI1 mRNA encoding the plastid-localized enzyme (Phillips et al., 2008). Both mRNAs are expressed in the same range of tissues but at varying levels, e.g. AtIPPI1 mRNA is more than 4-fold more abundant in flowers than leaves/stems and more than 1.5-fold more abundant in the roots than leaves/stems, whereas AtIPPI2 mRNA is found at similar levels in flowers, stems and leaves but is 2.5-fold more abundant in roots (Phillips et al., 2008). The characterization of fruit carotenoid-deficient (fcd) mutants in tomato revealed that the plastid-localized isoform SlIPPI1 is required for fruit carotenoid biosynthesis (Pankratov et al., 2016). The SlIPPI2 mRNA encoding the cytoplasmic isoform is significantly more abundant than SlIPPI1 mRNA in leaves and green fruit tissue, but it declines during fruit development whereas SlIPPI1 mRNA remains at constant levels until the red ripe stage, confirming that SlIPPI1 it has a more important role in the ripening fruit than SlIPPI2 (Pankratov et al., 2016). These studies in tobacco, Arabidopsis and tomato suggest that paralogous IPPI genes are maintained due to functional specialization and the same is likely to be true for the two paralogs in rice, but until now the specific roles of OsIPPI1 and OsIPPI2 have not been investigated in detail. In common with the earlier studies, we found that the two paralogs showed distinct expression profiles. Although both are nearly ubiquitously expressed, our qRT-PCR analysis revealed that OsIPPI1 is expressed at a much higher level than OsIPPI2 in all rice tissues (Figure 1). In agreement, there is a significant difference in the representation of full-length OsIPPI1 and OsIPPI2 cDNAs in dbEST, the database for expressed sequence tags, with 71 and 25 entries for OsIPPI1 and OsIPPI2, respectively.
	IPPI is the only enzyme common to both the MVA and MEP pathways and it is essential for the maintenance of appropriate levels of IPP and DMAPP in different subcellular compartments (Okada et al., 2008; Pankratov et al., 2016). In the plastids, DMAPP can be synthesized via the isomerization of IPP (by IPPI) or via the conversion of HMBPP into a mixture of IPP and DMAPP (by HDR, in the last step of the MEP pathway), which means IPPI is dispensable (Vranova et al., 2013). In contrast, the rest of the cytosol lacks the MEP pathway and IPPI is absolutely required for the synthesis of DMAPP, hence the mevalonate pathway is blocked without it. Our localization experiments revealed that OsIPPI1 and OsIPPI2 are found in the mitochondria, peroxisome and the ER, whereas only OsIPPI2 is imported into the plastids. Given the stronger expression of OsIPPI1 compared to OsIPPI2, this indicates that OsIPPI1 is predominantly responsible for the synthesis of MVA pathway-derived isoprenoids such as phytosterols whereas OsIPPI2 is responsible for the synthesis of MEP pathway-derived isoprenoids such as chlorophyls and carotenoids. We therefore investigated the correlation between OsIPPI1/2 gene expression during the illumination of etiolated leaves (Figure 2a) and the accumulation of phytosterols (Figure 2b), chlorophylls (Figure 2c) and carotenoids (Figure 2d). The phytosterols (β-sitosterol, campesterol and stigmasterol) accumulated during the first 6 h of illumination and then declined, mirroring the expression profile of OsIPPI1 mRNA with a slight delay (Figure 2a, b), as might be expected given that the peak in mRNA levels would take some time to translate into a peak in enzyme levels followed by the peak in the conversion of IPP/DMAPP into downstream products. In contrast, the levels of chlorophylls and carotenoids continued to increase during the 24 h illumination even though the levels of OsIPPI2 mRNA remained at steady low levels and then declined in the last 12 h (Figure 2a, c, d). These results suggest that OsIPPI2 is not required for the increase in flux observed in the MEP pathway, in agreement with reports that the enzyme is dispensable given the existence of a second route for the synthesis of IPP/DMAPP using HDR (Rodriguez-Concepcion, 2010). Indeed, we found that the accumulation of chlorophylls and carotenoids closely mirrored the expression of OsHDR1 (Figure 2a) which suggests that the flux towards these MEP-derived products is almost wholly determined by the availability of HDR activity.
	The complex metabolic networks in plants are highly compartmentalized because the corresponding enzymes are targeted to different intracellular sites, where different steps in the pathway are catalyzed (Heinig et al., 2013). In many cases, different isoforms of the same enzyme are targeted to different compartments, as observed for the two IPPI isoforms in Arabidopsis (Sapir-Mir et al., 2008), a single IPPI in C. roseus (Guirimand et al., 2012) and now rice (this study). In both Arabidopsis and C. roseus, long and short IPPI transcripts from each gene are synthesized giving rise to a longer polypeptides with an N-terminal signal for import into the mitochondria and plastids, as well as a shorter polypeptide which is imported into the peroxisomes (Sapir-Mir et al., 2008; Guirimand et al., 2012). To understand the localization of the two IPPI isoforms in rice, we expressed fusion proteins combining each isoform with sGFP under the control of the constitutive CaMV35S promoter. The analysis of leaf extracts by SDS-PAGE and western blot revealed proteins bands of ~59 kDa, corresponding to the anticipated size of the fusion protein following the cleavage of the N-terminal TPS from OsIPPI2 (Figure S5b). It seems that rice IPPI genes are transcribed solely into long mRNAs, one including a TPS and one not, allowing the specific targeting of OsIPPI2 to the plastids. In contrast, the Arabidopsis and C. roseus genes produce alternative transcripts containing different initiation codons, resulting in variants with and without a TPS for each IPPI gene (Sapir-Mir et al., 2008; Guirimand et al., 2012). Different plant species can therefore use different genetic mechanisms to produce alternatively-targeted isoforms of IPPI.
	The synthesis of DMAPP in Arabidopsis and C. roseus takes place across various cellular locations, including the chloroplasts, peroxisomes and mitochondria (Sapir-Mir et al., 2008; Guirimand et al., 2012; Heinig et al., 2013), with some isoprenoids (such as phytosterols) primarily synthesized in the ER (Clastre et al., 2011; Pulido (​https:​/​​/​www.ncbi.nlm.nih.gov​/​pubmed​/​?term=Pulido%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22972017​) et al., 2012; Vranova et al., 2012, 2013). Using confocal fluorescence microscopy and immuno-electron microscopy, we confirmed that both OsIPPI1 and OsIPPI2 are also localized in the ER in rice (Figure 7). It is therefore possible that phytosterols are also synthesized mainly in the ER in rice, particularly given the evidence based on feeding experiments that show phytosterols are derived solely from IPP/DMAPP generated via the MVA pathway in Arabidopsis (Phillips et al., 2008). Other MVA pathway enzymes are also localized in the ER, including acetyl-CoA acetyltransferase (AACT), which catalyzes the first step in the pathway, and is mainly localized to the ER and its associated vacuoles in the sun spurge Euphorbia helioscopia (Wang et al., 2017). The MVA pathway starts with the sequential condensation of three molecules of acetyl-CoA to generate 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA), which is in turn converted to MVA by HMG-CoA reductase (HMGR), the rate‑limiting step in the MVA pathway (Vranova et al., 2013). Arabidopsis HMGR was found to be localized to the ER as well as unidentified spherical structures (Campos and Boronat, 1995; Leivar et al., 2005). Enzymes responsible for downstream reactions, such as FPP synthase and squalene synthase have also been localized to the ER in plants and humans (Martin et al., 2007; Busquets et al., 2008; Stamellos et al., 1993). Our finding that OsIPPI1 and OsIPPI2 are also localized in the ER indicated that this compartment is sufficient for the autonomous synthesis of DAMPP from IPP.
	
CONCLUSIONS




Wild-type rice (Oryza sativa L. cv. EYI105) and transgenic plants were grown in a controlled growth chamber with a 28/20°C day/night temperature regime, a 10-h photoperiod and 60–90% relative humidity for the first 50 days, followed by maintenance at 21/18°C (day/night) with a 16-h photoperiod thereafter. Transgenic rice plants were self-pollinated to obtain seeds. Fourteen-day-old etiolated rice seedlings were illuminated with white light (100 μmol m-2 s-1) for 0.5, 1, 2, 4, 6, 8, 10, 12 or 24 h. Root, stem, flag leaf, node, endosperm, embryo, immature panicle, ovary, inner glume and outer glume tissues exposed to light as above, as well as 7-day-old and 14-day-old leaf, stem and root tissues, were rapidly frozen in liquid nitrogen and stored at –80°C. 

RNA isolation and cDNA synthesis
Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and DNA was removed using DNase I from the RNase-free DNase set (Qiagen). The RNA was quantified using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and 1 μg of total RNA was used as the template for first‑strand cDNA synthesis with Ominiscript Reverse Transcriptase (Qiagen) in a 20-μl total reaction volume according to the manufacturer’s recommendations. 

Cloning and sequencing the OsIPPI1 and OsIPPI2 cDNAs  
The OsIPPI1 and OsIPPI2 cDNAs were cloned directly from rice leaf mRNA by RT‑PCR using OsIPPI1 forward primer 5′-ATG GCC GGC GCC GCC GCC G-3′ and reverse primer 5′-TTA CTT CAG CTT GTG GAT GG-3′, or OsIPPI2 forward primer 5′-ATG GCC GGC GCC GCC GCC G-3′ and reverse primer 5′-CTA CAA CTT ATG AAT TGT TTT C-3′. The primers were designed to flank the ORF of each gene based on sequences in GenBank (accession numbers AK065871 and NM_001062082). The RT-PCR products were transferred to vector pCRII TOPO (Invitrogen, Carlsbad, CA, USA) to generate pCR-OsIPPI1 and pCR-OsIPPI2 for sequencing using the Sanger method. 

Construction of plasmids
For functional analysis, two pairs of oligonucleotide primers with terminal EcoRI and BamHI restriction sites were used to amplify OsIPPI1 and OsIPPI2 using pCR-OsIPPI1 and pCR-OsIPPI2 as the templates. For OsIPPI1, we used forward primer 5′-GAATTCCATGGCCGGCGCCGCCGCCG-3′ (EcoRI site underlined) and reverse primer 5′‑GGATCCGGACTTCAGCTTGTGGATG-3′ (BamHI site underlined). For OsIPPI2, we used forward primer 5′-GAATTCCATGGCGGCGGCGGCGCGCTC-3′ (EcoRI site underlined) and reverse primer 5′-GGATCCGTACAACTTATGAATTGTTTTC-3′ (BamHI site underlined). The PCR products were introduced into pUC8 at the EcoRI/BamHI sites to generate vectors pUC8-OsIPPI1 and pUC8-OsIPPI2 for functional complementation in E. coli cells producing β-carotene (Kajiwara et al., 1997). The integrity of all intermediate and final constructs was confirmed by sequencing as above. 
	For the analysis of subcellular localization study we generated two plasmids in which the rice IPPI isoforms were fused to sGFP and expressed under the control of the CaMV35S promoter and nos terminator. This was achieved by inserting the sGFP coding region and nos terminator flanked by XmaI and EcoRI sites into the same sites of pUC8-CaMV35SPro-gusA-TNos (Jin et al., 2018) to yield the intermediate construct pUC8-CaMV35SPro-sGFP-TNos, which was subsequently digested with XbaI and BamHI to allow the insertion of OsIPPI1 or OsIPPI2 cDNAs without stop codons, yielding the final vectors pUC8-CaMV35SPro-OsIPPI1-sGFP-TNos and pUC8-CaMV35SPro-OsIPPI2-sGFP-TNos, respectively. The OsIPPI1 cDNA without the stop codon was generated using forward primer 5′-TCTAGACATGGCCGGCGCCGCCGCCGC-3′ (XbaI site underlined) and reverse primer 5′-GGATCCGGACTTCAGCTTGTGGATG-3′ (BamHI site underlined). The OsIPPI2 cDNA without the stop codon was generated using forward primer 5′-TCTAGACATGGCGGCGGCGGCGCGCTC-3′ (XbaI site underlined) and reverse primer 5′-GGATCCGTACAACTTATGAATTGTTTTC-3′ (BamHI site underlined). The integrity of all intermediate and final constructs was confirmed by sequencing as above.

Functional complementation analysis 
Functional complementation experiments were carried out as previously described (Kajiwara et al., 1997). E. coli DH5α cells were transformed with pACCAR16∆crtX, which contains the carotene biosynthesis genes crtE, crtB, crtI and crtY encoding GGPP synthase, phytoene synthase, phytoene desaturase and lycopene β-cyclase, respectively (Misawa et al., 1995) for the generation of β-carotene. The cells were simultaneously transformed with the pUC8 empty vector as a control or with the pUC8-OsIPPI1 or pUC8-OsIPPI2 vectors carrying the rice IPPI cDNAs, as described above. 

Measurement of β-carotene levels in E. coli 
E. coli cells transformed as above were plated on lysogeny broth (LB) agar plates supplemented with100 μg ml-1 ampicillin, 37 μg ml-1 chloramphenicol and 1.0 mM IPTG and incubated at 37°C overnight. Individual colonies on plates were transferred to a 50-ml Falcon centrifuge tube containing 5 ml of liquid LB medium with antibiotics as above and incubated at 28°C for 12 h on a rotary-shaker at 180 rpm. Subsequently the primary culture was transferred to a 250-ml flask containing 50 ml LB medium plus antibiotics. IPTG was added to a final concentration of 0.5 mM when the optical density at 600 nm reached 0.6, and the cultures were incubated for a further 48 h under the same conditions. The cells were pelleted and freeze dried before β-carotene was extracted from 50-mg cell aliquots in 20 ml methanol containing 6% KOH. The suspension was heated at 60°C for 20 min and partitioned in 20 ml 10% (v/v) diethyl ether in petroleum ether. The upper phase was collected and the solvent was evaporated to dryness under a stream of nitrogen gas. The pellets were redissolved with 20 ml petroleum ether for quantitation of β-carotene using the appropriate extinction coefficient (Davies, 1976).

Rice transformation
Six-day-old mature rice (cv. EYI105) embryos were used as explants for particle bombardment transformation with 0.4 mg gold particles coated with the transgene construct (pUC8-CaMV35SPro-OsIPPI1-sGFP-TNos, pUC8-CaMV35SPro-OsIPPI2-sGFP-TNos, or pUC8-CaMV35SPro-sGFP-TNos) and a plasmid containing hygromycin phosphotransferase (hpt) as a selectable maker gene at a 3:1 molar ratio as previously described (Jin et al., 2018). Transgenic plantlets were regenerated and hardened off in soil. 

Protein extraction and western blot analysis
Leaf tissue (0.1–0.2 g) was ground in liquid nitrogen, thawed in an equal volume of extraction buffer (20 mM Tris-HCl pH 7.5, 5 mM EDTA, 0.1% Tween-20, 0.1% SDS, 2 mM PMSF) and vortexed for 1 h at 4°C. Cell debris was removed by centrifugation at 15,300 g for 20 min at 4°C and the protein concentration in the supernatant was determined using the Bradford assay (AppliChem, Darmstadt, Germany). The protein samples (50 µg per lane) were separated by SDS-PAGE at 200 V for 60 min followed by transfer to an Immobilon-FL transfer membrane (Merck, Darmstadt, Germany) using a semidry transfer apparatus (Bio-Rad, Hercules, CA, USA) at 20 V for 45 min. The membrane was immersed in 5% non-fat milk in 0.2 M Tris-HCl pH 7.6, 1.37 M NaCl, 0.1% Tween-20 (TBST) for 1 h at room temperature. The proteins were incubated with an anti-GFP polyclonal antibody (Sigma-Aldrich, Saint Louis, MO, USA) diluted 1:2000 in 5% non-fat milk in TBST overnight at 4°C. After three rinses in TBST for 10 min each, the membrane was incubated with a goat anti-rabbit secondary antibody conjugated to alkaline phosphatase (Sigma-Aldrich) diluted 1:5000 in 2% non-fat milk in TBST for 1 h at room temperature. After three further rinses as above, the signal was detected using SIGMAFAST BCIP/NBT tablets (Sigma-Aldrich).

Gene expression analysis by quantitative real-time RT-PCR 
First-strand cDNA was synthesized from 1 µg total RNA using Ominiscript Reverse Transcriptase in a 20-µl total reaction, and quantitative real-time RT-PCR (qRT-PCR) was carried out as previously described (Jin et al., 2018) using the primers listed in Table S1. The amplified DNA fragments for each gene were confirmed by Sanger sequencing. The expression levels in different samples were normalized against rice actin mRNA. Three biological replicates each comprising three technical replicates were tested for each sample. 

DNA sequence analysis and prediction of protein subcellular localization 
The GRAMENE database (http://www.gramene.org/) and GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were searched for homologous sequences using BLAST. Nucleotide and deduced amino acid sequence comparisons, and multiple sequence alignments, were carried out using Vector NTI Advance 11 (Invitrogen, Carlsbad, CA). Gene structures were predicted by aligning mRNA to genomic DNA using Spidey (http://www.ncbi.nlm.nih.gov/spidey/ (​http:​/​​/​www.ncbi.nlm.nih.gov​/​spidey​/​​)). Subcellular localization was preducted using iPSORT (http://ipsort.hgc.jp/ (​http:​/​​/​ipsort.hgc.jp​/​​); Bannai et al., 2002), Predotar (https://urgi.versailles.inra.fr/Tools/Predotar (​https:​/​​/​urgi.versailles.inra.fr​/​Tools​/​Predotar​)), RSLpred (http://crdd.osdd.net/raghava/rslpred/ (​http:​/​​/​crdd.osdd.net​/​raghava​/​rslpred​/​​); Kaundal and Raghava, 2009) and LocTree3 (https://rostlab.org/services/loctree3/). Protein sequences were screened for chloroplast signal peptides using the ChloroP v1.1 server (http://www.cbs.dtu.dk/services/ChloroP/; Emanuelsson et al., 1999) and TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP (​http:​/​​/​www.cbs.dtu.dk​/​services​/​TargetP​); Emanuelsson et al., 2007). MitoFates (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi (​http:​/​​/​mitf.cbrc.jp​/​MitoFates​/​cgi-bin​/​top.cgi​); Fukasawa et al., 2015), and the Peroxisomal Targeting Signal 1 (PTS1) Predictor (http://mendel.imp.ac.at/pts1/; Neuberger et al., 2003) were used to screen for mitochondrial and peroxisomal signal peptides, respectively.

Confocal microscopy
Leaves from rice lines expressing pUCCaMV35SPro-OsIPPI1-sGFP-TNos or pUC35SPro-OsIPPI2-sGFP-TNos were analyzed by confocal microscopy to detect the GFP signal. Leaves from T3 homozygous transgenic lines expressing pUCCaMV35SPro-OsIPPI1-sGFP-TNos or pUC35SPro-OsIPPI2-sGFP-TNos were analyzed to reveal the subcellular localization of OsIPPI1-sGFP and OsIPPI2-sGFP. Leaves from wild-type rice and transgenic lines expressing pUC35s-sGFP-TNos were used as negative and positive controls, respectively. Mitotracker Red (Molecular Probes, Invitrogen, Paisley, UK) was used as a mitochondrial counterstain. Small leaf pieces (1 x 10 mm) were incubated with the probe as recommended by the supplier and fixed with 2% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2) before semi-thin sections (30–40 µm) were prepared using a CM3050 S Research Cryostat (Leica Microsystems, Wetzlar, Germany). The sections were collected on poly-L-lysine glass microscope slides and 1024 x 1024 pixel images were captured using an FV1000 Laser Scanning Confocal Microscope (Olympus, Hamburg, Germany) fitted with a 100 x NA 1.40 UPlansApo (oil) objective. For GFP imaging, the excitation wavelength was 488 nm provided by a multiline argon laser. For Mitotracker imaging, the excitation wavelength was 559 nm provided by a diode laser.  Three independent transgenic rice lines for each event were analyzed.

Immuno-electron microscopy 
Small leaf pieces (1 x 10 mm) were fixed in 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) overnight at 4°C and washed three times with the same buffer. Then samples were fixed in 1% glutaraldehyde plus 1% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2) for 16–24 h at 4°C and washed three times (10 min) with the same buffer. After fixation, samples were dehydrated in an alcohol series (30–100%) before embedding in Lowicryl K4M resin (Polysciences, Hirschberg an der Bergstrasse, Germany) in a cold-chamber at –20 to –35ºC with polymerization by ultraviolet light.  Ultrathin (70–90 nm) sections were prepared using a Reichert-Jung ultra-cut E cryostat (Leica Microsystems). The sections were mounted on Formvar carbon-coated gold grids (200 mesh) and processed for immunogold labeling using sGFP-specific monoclonal and polyclonal antibodies. The sections were incubated in blocking buffer for 15 min. For the polyclonal antibody, the buffer was 200 mM Tris-HCl (pH 7.4), 1% Tween-20, 0.1% gelatin and 1% bovine serum albumin (BSA). For the monoclonal antibody, the buffer was 10mM Tris-HCl (pH 7.4), 0.9% NaCl, 0.05% PEG 20,000 and 3% BSA. The grids were washed in distilled water and incubated overnight at 4ºC with the primary polyclonal anti-eGFP (PA5-22688, Thermo Fisher Scientific) diluted 1:200, or the primary monoclonal anti-eGFP (11814460001, Sigma-Aldrich) diluted 1:500, with the corresponding blocking buffer as the diluent. After washing in distilled water, incubation in the blocking buffer (30 min) and washing in distilled water, the grids were then incubated at room temperature for 1 h with the secondary antibody (1:20 dilution in the appropriate blocking buffer). The secondary antibody was a goat-anti-rabbit IgG for the polyclonal primary antibody, or goat-anti-mouse IgG for the monoclonal antibody treatment, with both antibodies conjugated to 15-nm gold particles (Electron Microscopy Sciences, Hatfield, PA, USA).  Finally, the grids were contrasted with 1% uranyl acetate in water (20 min) and Reynold’s lead citrate (2 min) prior to observation using an EM 910 Transmission Electron Microscope (Zeiss, Oberkochen, Germany). We analyzed a minimum of two grids per antibody treatment. 
	The immunogold labeling of chloroplasts was also observed when the polyclonal antiserum was used in wild-type leaf samples. We therefore cross-absorbed the polyclonal antiserum (Errampalli and Fletcher, 1993) and repeated the analysis of leaves to confirm the specificity of chloroplast labeling, comparing the results to the outcome of the monoclonal antibody experiments. Three independent transgenic rice lines were analyzed for each event.

Ultra-high-performance liquid chromatography 
Leaf samples were freeze dried before analysis, and 10 mg of powdered tissue was extracted with 500 μl water:methanol (50:50, v:v) and vortexed for 30 min at room temperature. We then added 500 μl chloroform and vortexed the mixture before centrifuging at 15,300 g for 3 min at room temperature. The upper phase was collected, evaporated, and re-dissolved in HPLC-grade ethyl acetate for UPLC analysis using an Acquity system (Waters, Watford, UK) with an Ethylene  Bridged  Hybrid  (BEH  C18)  column  (2.1 × 100 mm, 1.7 mm) with a BEH C18 VanGuard pre-column (2.1 × 50 mm, 1.7 mm). Mobile phase A was methanol:water (50:50), and mobile phase B was acetonitrile:ethyl acetate (75:25) and the flow rate was 0.5 ml min−1. All solvents were passed through a 0.2-mm filter before use. The gradient started at 30% A for 0.5 min and was then stepped to 0.1% A for 5.5 min and then to 30% A for the last 2 min. The column temperature was maintained at 30°C and the sample temperature at 8°C. Continuous online scanning was performed across the UV/visible range from 250 to 600 nm, using a Waters extended wavelength photo diode array detector (Alcalde and Paul, 2018).

Gas chromatography–mass spectrometry 
Leaf samples were freeze dried before analysis, and 10 mg of powdered tissue was mixed with 250 μl methanol and 25 μl of aqueous KOH (60%) to allow saponification for 30 min in the dark at room temperature. We then added 500 μl of chloroform and 250 μl of water before vortexing the mixture thoroughly and centrifuging at 15,300 g for 3 min at room temperature. The chloroform and water phases were collected separately and dried under nitrogen before derivatizing with 30 μl methoxyamine-HCl (Sigma-Aldrich) prepared at a concentration of 20 mg ml-1 in pyridine. After incubation in screw-capped tubes at 37°C for 2 h, we added 85 μl N-methyl trimethylsily-trifluoro-acetamide (Macherey Nagel, Stockport, UK) and the samples were incubated for 1 h at 37°C. GC-MS analysis was performed on an HP6890 gas chromatograph with a 5977A MSD (Agilent Technologies, Santa Clara, CA, USA). Typically, samples of 1 ml were introduced using a split/splitless injector at 290°C with a 20:1 split and repeated on a 200:1 split for sugar quantification. Retention time locking to the internal standard was applied. The GC oven was held for 4 min at 70°C before ramping at 58°C min-1 to 310°C. This final temperature was held for a further 10 min, making a total time of 60 min. The interface with the MS was set at 290°C and MS performed in full scan mode using 70 eV EI+ and scanned in the range 10–800 D. To identify chromatogram components found in the rice profiles, a mass spectral library was constructed from in-house standards as well as the NIST 98MS library. Chromatogram components were initially processed using the automated MS de-convolution and identification system. A retention time calibration was performed on all standards to determine the retention indices and allow identificationby comparison with the MS library. Quantification was achieved using Chemstation (Agilent) software facilitating integrated peak areas for specific compound targets (qualifier ions) relative to the ribitol internal standard peak (Decourcelle et al., 2015).
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Table 1. Prediction of OsIPPI1 and OsIPPI2 subcellular localization.
Program	OsIPPI1 Prediction	OsIPPI2 Prediction
iPSORT	No	Chloroplast        Mitochondrion
Predotar	Elsewhere	Mitochondrion         plastid








Figure 1. Analysis of OsIPPI1 and OsIPPI2 gene expression in different rice tissues at different growth stages. The expression of OsIPPI1 and OsIPPI2 was measured by qRT-PCR in different rice tissues and in the stem and leaves at two different stages.  Expression levels were normalized against the rice actin gene. Each value represents the means of three different biological replicates and error bars represent standard deviations.
Figure 2. Analysis of OsIPPI1/2 and OsHDR1/2 expression and phytosterol, chlorophyll and carotenoid levels in the etiolated leaves of 14-day-old rice plants during de-etiolation. (a) Analysis of OsIPPI1/2 and OsHDR1/2 expression in etiolated leaves during de-etiolation at various times after the onset of irradiation with white light. Expression levels were normalized to the rice actin gene, as determined by qRT-PCR. Each value represents the average of four experiments and the error bar indicates the standard deviation. (b) Phytosterol composition and content in the same leaves during de-etiolation. (c) Chlorophyll composition and content in the same leaves during de-etiolation. (d) Carotenoid composition and content in the same leaves during de-etiolation. Values represent the mean of five biological replicates and error bars represent standard deviations.
Figure 3. Confocal laser scanning microscopy of wild-type rice leaves and transgenic plants lines expressing OsIPPI1-sGFP and OsIPPI2-sGFP. Panel sGFP: green fluorescence. Panel RFP-Mito/chlorophyll: red fluorescence of chlorophyll and mitochondria. Panel Merge: combined confocal image recorded mixing green and red fluorescence. WT: Wild-type rice leaf. OsIPPI1-sGFP: Transgenic rice plant expressing the OsIPPI1-sGFP fusion gene driven by the CaMV35S promoter. OsIPPI2-sGFP: Transgenic rice plant expressing the OsIPPI2-sGFP fusion gene driven by the CaMV35S promoter. The bright green spots in panel sGFP of OsIPPI1-sGFP and OsIPPI2-sGFP:  indicate the green fluorescence of the OsIPPI1-sGFP and OsIPPI2-sGFP fusion proteins, respectively. The bright red fluorescence spots in panel RFP-Mito/chlorophyll show the location of mitochondria, whereas the larger red region indicates chlorophyll. Green arrows and red arrows show peroxisomes and mitochondria, respectively. Scale bars = 20 µm.
Figure 4. Immuno-electron microscopy showing localization of OsIPPI1-sGFP and OsIPPI2-sGFP in rice mitochondria by labeling sGFP. (A-C) Immunogold labeling of mitochondria in wild-type rice. (D-F) Immunogold labeling of mitochondria in OsIPPI1-sGFP transgenic rice. (G-I) Immunogold labeling of mitochondria in OsIPPI2-sGFP transgenic rice. Scale bars = 200 nm; gold particle size = 15 nm.
Figure 5. Immuno-electron microscopy showing localization of OsIPPI1-sGFP and OsIPPI2-sGFP in rice peroxisomes by labeling sGFP. (A-C) Immunogold labeling of peroxisome in wild-type rice. (D-F) Immunogold labeling of peroxisome in OsIPPI1-sGFP transgenic rice. (G-I) Immunogold labeling of peroxisome in OsIPPI2-sGFP transgenic rice. Ch = chloroplast; m = mitochondria, N = nucleus; arrow = peroxisome membrane. Bars = 200 nm; gold particle size = 15 nm.
Figure 6. Immuno-electron microscopy showing localization of OsIPPI1-sGFP and OsIPPI2-sGFP in rice endoplasmic reticulum by labeling sGFP. (A‑C) Immunogold labeling of endoplasmic reticulum in OsIPPI1-sGFP transgenic rice. (D-F) Immunogold labeling of endoplasmic reticulum in OsIPPI2-sGFP transgenic rice. Ch = chloroplast; m = mitochondria, N = nucleus; ER = endoplasmic reticulum; arrow = ER structure. Bars = 200 nm; gold particle size = 15 nm.
Figure 7. Immuno-electron microscopy showing localization of OsIPPI1-sGFP and OsIPPI2-sGFP in rice chloroplasts by labeling sGFP. (A) Immunogold labeling of chloroplasts in wild-type rice. (B-D) Immunogold labeling of chloroplasts in OsIPPI1-sGFP transgenic rice. (E-G) Immunogold labeling of chloroplasts in OsIPPI2-sGFP transgenic rice. Ch = chloroplast, m = mitochondria; P = peroxisome; arrow = gold cluster in chloroplast. Bars = 200 nm; gold particle size = 15 nm.
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